The in vivo synthesis rates of myosin isozyme heavy chains /S and a were measured in right ventricular (RV) muscle at 2 and 4 days following pulmonary artery constriction in rabbits, together with measurements of their relative mRNA levels. The synthesis rate of £-myosin heavy chains was elevated in 2-day (0.27 ± 0.06 day-' or 2.5 ± 0.7 mg/g RV/day, mean ± SD) and in 4-day (0.25 ± 0.08 day« or 2.8 ± 1.0 mg/g RV/day) pressure overload, when compared to untreated rabbits (0.15 ± 0.04 day-1 or 1.5 ± 0.4 mg/g RV/day). However, the synthesis rates of a-myosin heavy chains in the same hearts were not altered significantly. There was a differential increase in the fractional synthesis rate of /3 vs. a heavy chains in 2-day and 4-day pressure overload and in 2-day shams, suggesting switching toward P heavy chain synthesis had occurred at these time points. /3 heavy chain synthesis, as a proportion of total (a + /3) heavy chain synthesis, was significantly higher in 4-day pressure overload (78 ± 9%) than in 4-day sham rabbits (63 ±6%). This increase in relative /3-synthesis was associated with a significant increase in the relative proportion of/3 heavy chain mRNA level (76 ± 13% vs. 56 ± 7%). Furthermore, relative /3-synthesis and the /3-mRNA levels correlated linearly with each other in all experimental groups. We conclude that during the early stages of pressure overload 1) the synthesis rate of /3-myosin heavy chains is accelerated without a reciprocal decrease in a-myosin heavy chain synthesis, and 2) an increase in /S-myosin heavy chain expression appears to be achieved mainly by modulation of pretranslational events. (Circulation Research 1987;60:692-699) T hree myosin isozymes (V,, V 2 , and V 3 ) have been shown to exist in ventricular tissue of rabbit and rat hearts. V, and V 3 isozymes are homodimers consisting of 2 a and 2 (B heavy chains, respectively. V 2 isozyme appears to be a heterodimer, composed of 1 a and 1 /3 heavy chain.
T hree myosin isozymes (V,, V 2 , and V 3 ) have been shown to exist in ventricular tissue of rabbit and rat hearts. V, and V 3 isozymes are homodimers consisting of 2 a and 2 (B heavy chains, respectively. V 2 isozyme appears to be a heterodimer, composed of 1 a and 1 /3 heavy chain. 12 V, isozyme possesses higher Ca 2+ and actin-stimulated ATPase activities than V 3 isozyme. 3 " 5 The primary structure of a-and /3-myosin heavy chains differ on the basis of the sequence of the cDNA corresponding to their respective mRNA 67 and in genes themselves. 8 The proportions of myosin isozymes have been found to change under various conditions. During pressure overload, there is a shift toward the V 3 isozyme in the rabbit and rat heart. 9 "" The proportion of this isozyme also is enriched in cardiac atrophy associated with hypothyroidism 31213 while it is reduced in hypertrophy due to thyrotoxicosis and exercise. 101214 Diabetes and changes in diet also have been shown to affect the relative amounts of cardiac myosin isozymes. 15 " 19 Changes in the relative amounts of V, and V 3 isozymes are believed to be responsible, at least in part, for the altered cardiac performance during hyper-trophy. 20 " 22 We have shown that a high proportion of V 3 isozyme (e.g., pressure overload) is associated with relatively slow, economic tension development during isometric contraction, whereas a high proportion of V, isozyme (e.g., thyrotoxicosis) is associated with a faster but less economical force development. 13 '
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The goals of this study were to determine 1) what changes occur in /3-(V 3 ) and a-(V,) myosin heavy chain synthesis in the right ventricle (RV) following pulmonary artery constriction, and 2) the relative contributions of translational and pretranslational control mechanisms for protein synthesis to the change in myosin heavy chain isozyme composition during development of pressure-overload hypertrophy in the rabbit. The in vivo synthesis rates of RV a-and /3-myosin heavy chains were measured for comparison with the relative levels of a and /3 heavy chain mRNAs at 2 and 4 days following RV pressure overload.
Materials and Methods

Animals and Pressure-Overloaded Preparation
Male New Zealand white rabbits (litter mates 5-6 weeks old, 700-900 g) were maintained on food and water ad libitum in the University of Vermont Animal Care Facility for approximately 4 days prior to surgery or killing. Antibiotics were not used.
Right ventricular hypertrophy was induced by reducing the diameter of the pulmonary artery by 50% with a spiral metal constrictor for 2 or 4 days. 25 Untreated and sham-operated rabbits were studied for comparison.
Labelling of Myocardial Proteins With 3 H-Leucine
In vivo labelling of rabbit heart tissue was accomplished using the constant infusion method described by Everett et al. 26 Each rabbit received approximately 15 mCi of 3 H-leucine (L- [4, H]-leucine, Amersham Corp., Arlington Heights, HI.) over 100 minutes. Multiple blood samples (75 /xl) were taken throughout the infusion period from a vein in the uncatheterized ear to determine the specific radioactivity of plasma-free leucine. After 100 minutes, the rabbit was killed by a blow to the head and the heart quickly removed. The right and left ventricles were dissected and weighed. The RV was frozen immediately in liquid nitrogen, powdered, and stored at -85° C.
Preparation of Samples for Measurement of 3 H-Leucine Radioactivity
Plasma samples were precipitated with cold ethanol and centrifuged. The supernate, containing plasmafree amino acids, was dried down and stored at -20°C for subsequent analysis of 3 H-leucine specific activity (see below).
A separate set of experiments was conducted to allow measurement of tRNA-bound leucine specific radioactivity. Radiolabelled leucine was infused for 100 minutes, after which the chest was opened and a blood sample rapidly withdrawn from the heart. The tissue was then frozen quickly with clamps precooled in liquid nitrogen. The heart tissue was pulverized and stored at -85° C for further analysis. Transfer RNA was extracted and purified as previously described 27 prior to determination of tRNA-bound leucine specific radioactivity (see below).
Separation of Myosin Isozyme Heavy Chains
Separation of cardiac myosin isozymes was carried out using the pyrophosphate polyacrylamide gel electrophoresis methods of Hoh et al, 3 with a slight modification. 28 Following electrophoresis, the gels were stained for 15 minutes in 0.1% Coomassie brilliant blue R-250, 50% methanol, and 10% acetic acid and destained in cold water. The purified V, and V 3 bands were removed with a razor blade using only gels in which the V,, V 2 and V 3 bands were separated clearly (see Figure 1, left) . Generally, 100 to 120 gel slices of each isozyme were obtained for each RV.
A control experiment was performed to test for contamination between V, and V 3 isozymes. Infusion of 3 H-leucine was carried out in a propyl-thiouracil-treated rabbit in which only V 3 isozyme exists. Tissue extracts from this heart were mixed with those of the heart from another rabbit that was not infused and that contained predominantly V,. The V, and V 3 the mixed sample were sliced out, the heavy chains separated on SDS gels as described below, and counted. No radioactivity was recovered in the V, band, indicating no contamination from the V 3 band.
The pyrophosphate gel slices containing V, or V 3 isozyme were then subjected to SDS-gel electrophoresis employing a modified procedure of Pagani and Julian 22 to separate the myosin light chains from the heavy chains (Figure 1, right) prior to determination of the specific activity of leucine in protein (see below).
Finally, to determine the relative amount of each isozyme, several pyrophosphate gels from each RV preparation were quantitated by densitometry. 28 
Hydrolysis and Paper Chromatography of Myosin Heavy Chains
Gel slices containing myosin heavy chains were hydrolyzed with 6 N HC1 at 110° C for 24 hours. The hydrolysate was dried down and reconstituted in distilled, deionized water. To prevent the breakdown products of the polyacrylamide from interfering with subsequent amino acid analysis, the hydrolysate was subjected to paper chromatography on 3MM Chr Whatman chromatography paper. After developing in n-butanol•'acetic acid:water (2:1:1), amino acids were eluted with water, dried down, and stored at -20° C for the dansyl chloride assay.
Analysis of Total Myocardial Protein
Approximately 35 mg of frozen powdered right ventricular tissue was homogenized in extraction solution with a mM concentration of sodium pyrophosphate 40, sodium phosphate 20, pH 7.0, and ethylenediaminetetraacetate (EDTA) 0.5. Ten percent SDS was then added at a final concentration of 1%. The mixture was heated and centrifuged at room temperature. The protein concentration was measured in the supernatant. 29 An aliquot also was used to determine leucine specific radioactivity, and the remaining supernate was stored in 10% glycerol and 0.1% mercaptoethanol at -85° C for determination of total myosin content (see below).
Analysis of 3 H-Leucine Radioactivity
The specific radioactivity of leucine in a-and /3-myosin heavy chains, myocardial protein, tRNA, and plasma was determined using a ultramicro dansyl chloride assay. 2730 The 3 H and 14 C counts of the dansylleucine spot from the polyamide layer plate were generally at least four times background. An equation was derived to determine the amount of time needed to count both 14 C and 3 H to obtain an error of < 5% (see Appendix).
Calculation of Synthesis Rates
An accurate measurement of protein synthesis using isotopic leucine requires information on the specific radioactivity of tRNA-bound leucine, the obligatory precursor for protein synthesis. 3132 To facilitate this measurement, the relation between the specific radioactivity of plasma-free leucine and tRNA leucine was determined. A plateau value of the specific radioactiv- ity of plasma-free leucine was reached within 5 to 10 minutes (see Figure 2) . The tRNA-leucine/plasma-free leucine specific radioactivity ratio was 0.82 ± 0.05 (mean ± SD, n = l) for control animals. This ratio was unaltered in pressure-overloaded rabbits. Thus, the value of 0.82 was used as a correction factor for measurements of synthesis rates based on specific activity of plasma-free leucine!
The fractional synthesis rate of protein synthesis was calculated as follows: where Ks is rate constant expressed as fractional synthesis rate (day" 1 ). SR is specific radioactivity (dpm/pmol), and 0.82 is the tRNA-leucine/plasmafree leucine specific activity ratio. Synthesis rates were calculated as mg protein/g RV/day by multiplying the fractional synthesis rate by the protein concentration in right ventricular free wall.
Quantitation of Myosin Heavy Chains: Isotope Dilution Assay
Total myosin content was determined by the isotope dilution assay. 33 A rabbit heart was labelled by constant infusion procedure using 30 mCi of 3 H-phenylalanine (ICN Biochemicals, Cleveland, Ohio). Myosin was isolated from the labelled heart. 10 By using a 3 Hphenylalanine labelled-myosin standard, we were able simultaneously to measure content and synthesis of the myosin isozymes from the same heart, since dansylphenylalanine (content) and dansyl-leucine (synthesis) are completely separated in our chromatographic system. 30 
Measurement of the Relative Amounts of a-and J3-Heavy Chain mRNA (a-mRNA andfJ-mRNA)
Total right ventricular RNA was extracted from 80-100 mg of powdered tissue according to the method of Towle et al. 34 The relative amounts of a-and f3-mRNA were measured employing nuclease SI mapping technique. 35 The cDNA probe (pMHCa 81/2) used in this study encodes the carboxy terminus plus the 3'-untranslated region of a-myosin heavy chains. 36 Thirty to sixty micrograms of total RNA were hybridized with 25,000-50,000 cpm of cDNA probe, which was 3' end-labelled with 32 ? (> 2 P-aATP, specific activity 3,000 Ci/mmol, Amersham). After reacting with 1,000, 2,000 and 4,000 units of SI nuclease, the digested products were separated on a 5% poly aery lamide-urea sequencing gel. Two bands with 126 and 42-46 nucleotides, representing a-and /3-mRNA, respectively, were localized by autoradiography, excised, and counted. The ratio of both bands was the same for each SI nuclease concentration.
Statistics
Statistical comparisons of untreated group with 2-and 4-day pressure overload and 2-and 4-day sham groups were carried out using the Bonferroni method with 4 comparisons. 37 Student's t test was also used for comparisons between pressure overload groups and respective sham groups. The accepted level of significance was p<0.05.
Results
Body and Heart Weight
Body weights were not significantly different among groups (data not shown). RV weights normalized to the body weight or to total ventricular weight were significantly higher in the 2-day and 4-day pressure overload than untreated rabbits (Table 1) . There also was an increase in normalized RV weight for the 2-day sham. This suggests that there may be effects of surgical stress on the right ventricle (see below).
Synthesis of Total Myocardial Protein
Commensurate with growth of tissue, the fractional synthesis rate of total RV protein was measured 1.9 times (p < 0.01) in the 2-day pressure overload and 1.6 times (p<0.05) in the 4-day pressure overload when compared to values of the untreated group. The fractional synthesis rate of the sham groups was not significantly different from the untreated rabbits.
The synthesis rate of RV protein (mg protein/g RV/day) was 1.8 times (p<0.0l) and 1.6 times (p < 0.05) that of the untreated rabbits in 2-day and 4-day pressure overload groups, respectively, again with no change in the sham groups (Table 2) .
Changes in Synthesis offi-and a-Myosin Heavy Chains
The fractional synthesis rates of the (i-and a-myosin heavy chains in hearts from untreated rabbits were 0.15 ±0.4 and 0.12 ±0.10 day" 1 , respectively, as shown in Figure 3 . The fractional synthesis rate of the /3 heavy chains was significantly higher in the 2-day (0.27 ±0.06 day" 1 ,p<0.01) and 4-day pressure overloaded RV (0.25 ± 0.08 day 1 , p<0.05) than untreated animals. In contrast, the fractional synthesis rate of the a heavy chains was not significantly altered. Values for shams were not significantly different from the untreated group. The fractional synthesis rates of /3 heavy chains were significantly faster than a heavy chains in 2-day and 4-day pressure overload and in 2-day shams when both values were compared within individual tissue samples (paired t test, p<0.05, Figure 3) .
The synthesis rate (mg/g RV/day) of the /3 heavy chains was 1.7 times (/?<0.01) and 1.9 times of untreated rabbits (p<0.01) in the 2-day and 4-day pressure overload preparations respectively (Table 2) . However, there was not a reciprocal decrease in the synthesis rate for a heavy chains. Values for sham animals were the same as for the untreated group. 
Effects of Pressure Overload on the Relative Synthesis and mRNA Levels offi-Myosin Heavy Chains
The relation between the synthesis rates and levels of mRNA for the two heavy chains is shown in Figure  4 . In this case, the data are shown as relative values of the synthesis rate of/3 heavy chains and the level of/3-mRNA expressed as a proportion of total myosin heavy chain synthesis and total heavy chain mRNA, respectively. It can be seen that 2 days after pressure overload or sham operation the synthesis of /3 heavy chains was 76% of the total (76 ± 10% vs. 76 ± 6%). The relative amount of /3-mRNA in the two groups also did not differ significantly (70 ±17% vs. 82 ± 12%). In contrast, when hearts of 4-day pressureoverloaded rabbits were compared with their shamoperated controls, both the relative synthesis of /3 heavy chains (78 ± 9% vs. 63 ± 6%, p<0.05) and the relative level of its mRNA (76 ± 13% vs. 56 ± 7%, /?<0.05) were found to be significantly elevated in pressure-overloaded hearts.
No difference was found in any group of animals when the relative synthesis of/3 heavy chain was compared with the relative level of its mRNA. Thus, there was a close linear correlation of two measurements, as seen in Figure 5 , and the regression lines were not significantly different from each other. The relatively lower value for untreated animals was due to a single outlying point.
Discussion
Synthesis of Total Protein and Myosin Heavy Chain Isozymes
We found that the fractional synthesis rate of total myocardial protein and myosin isozyme heavy chains were approximately 15%/day in the untreated rabbits after corrections for the specific radioactivity of tRNAleucine. This value is slightly lower than that reported for in vivo synthesis of total protein in the rat heart 38 and the same as those of/3-and a-myosin heavy chains in normal rabbit hearts. 26 There was an approximately twofold increase in the synthesis rate of both myocardial total protein and /3 heavy chains 48 hours after pressure overload was induced. A rapid increase at the onset of hypertrophic stress has been observed by others.
39^2 Clearly, the increase in workload can very quickly be translated into the biochemical signals responsible for hypertrophy.
Everett et al 2 * showed that thyrotoxicosis leads in rabbit heart to a threefold increase in the fractional synthesis rate of a heavy chain (which becomes predominant) while there is a reciprocal decrease in the synthesis of /3 heavy chains. We have confirmed the results of Everett et al in our own laboratory (data not shown). The results indicate reciprocal changes in isozyme synthesis do not occur during the early stage of pressure-overload hypertrophy. These data indicate a different control mechanism is brought into play in the two hypertrophy models.
Effects of Surgical Stress on Sham Animals
Heart weight normalized to body weight was significantly higher in 2-day sham rabbits than that in untreat- ed controls. The fractional synthesis rate of total protein also was slightly but not significantly increased in 2-day and 4-day shams. The fractional synthesis rate of /3-myosin heavy chains, however, was higher than that of a heavy chains in 2-day sham, indicating a nonsteady state leading to a switch towards )3 heavy chain synthesis. Our previous study of polyamine synthesis in the same model also has shown an overload-like response in the sham rabbits during acute phase after surgery. 43 No significant changes were noted in 4-day shams. Thus, the changes in myosin heavy chain synthesis in 2-day pressure overload group may reflect the combined effects of pulmonary constriction and surgical stress, while effects of pressure overload are more predominant by day 4.
Regulation of Myosin Isozyme Switching
Considering the multitude of known control steps in protein biosynthesis, 44 it is likely that regulation of gene expression differs depending on the growth of stimuli. In our model of growth, pressure-overload-induced rapid enlargement of right ventricle, we addressed the question of whether switching toward /3 heavy chains is controlled at translational or pretranslational steps. This was attempted by comparing the relative synthesis of the two heavy chains with the level of their respective mRNAs in the same heart.
The effects of pressure overload on myosin isozyme switching were more obvious at 4 days than at 2 days post-treatment. Thus, in the 4-day pressure overload, both the relative /3-synthesis and the relative /3-mRNA level were significantly higher than those in 4-day shams. In the 2-day pressure overload group, neither the relative /3-synthesis nor the /3-mRNA level showed a difference from the 2-day sham animals, perhaps because of the aforementioned pressure overload-like effects of surgical stress. However, in this group as well, not only did /3-mRNA levels correspond closely to the relative /3-synthesis but also both were linearly correlated. Furthermore, the ratio of /3-synthesis//3-mRNA to a-synthesis/a-mRNA in individual hearts in all cases was approximately 1.0 (1.1 ± 0.3), indicating that preferential translation of /3-mRNA over amRNA was not the major reason for accelerated /3 heavy chain synthesis following pressure overload. Based on these results, we suggest that switching toward /3 heavy chains during development of pressureoverload hypertrophy is mainly due to modulation of pretranslational mechanisms and that any translational regulation is of secondary, if any, importance. Previous studies of thyrotoxic hypertrophy in the rabbit and the rat have led to the same conclusion. 3545 Finally, Medford et al 46 studied a turnover rate of myosin heavy chain mRNA in mouse L6E9 cells in vitro and showed a relatively long half-life of heavy chain mRNA (50 hours). Should cardiac myosin heavy chain mRNAs in rabbit heart have such a long halflife, the observed level of mRNA is a sum of newly synthesized mRNAs and mRNA present prior to the experimental intervention. Studies of in vitro nuclear transcription 47 would allow measurement of the synthesis rates of new mRNA and thus provide further insights into the pretranslational regulatory mechanism of myosin isozyme synthesis in pressure-overloaded hearts.
In summary, we have found that during the early stage of pressure overload 1) the synthesis of/3-myosin heavy chains increases in parallel with synthesis of total protein while that of a heavy chain remains unchanged, and 2) the increase in /3 heavy chain expression appears to be achieved by changes at the pretranslational level since both synthesis and mRNA level change in parallel and relative synthesis, and mRNA levels correspond in all circumstances. It also appears that the control of the two myosin heavy chain genes does not necessarily have to be reciprocal as was found to be the case in thyroid hormone-induced isomyosin shifts. The fact that myosin heavy chain expression differs in various models of cardiac growth should be useful for future studies directed toward the elucidation of mechanisms that control myosin gene expression in the heart. where n', = cpm of the sample, n 2 = cpm of the background, n, = mean value of n',, n 2 = mean value of n' 2 , V "' + " 2 = SD of (n', -n'j).
In the case of the dansyl assay, 3 By substituting n 2 with 12.0 and n 4 with 6.0, which are backgrounds of our liquid scintilation counter, a diagram was obtained for getting appropriate time ( Figure  6 ). However, when cpm of the sample is very low, a slight change in cpm of the background can induce a significant amount of error in calculating net cpm of the sample. Therefore, cpm of the sample should be at least 3 times higher than the background.
